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Chapter 1: General Introduction 
Statement of the Problem 
Mollusk shells may preserve both ontogenetic history and local environmental 
characteristics because of their incremental growth patterns (termed sclerochronology). 
Growth bands (concentric internal and external features on mollusk shells) have been 
employed to estimate age and growth rates. Early studies assumed that growth bands were 
deposited annually (e.g., Isley, 1914; Coker et al., 1921; Chamberlain, 1931; Crowley, 1957; 
Negus, 1966; Brousseau, 1984). Isley (1914), an early proponent of this aging method, 
questioned the underlying assumption of annual band deposition and maintained that 
evidence was lacking to support the absolute age provided by this method. In a later study, 
Coker et al. (1921) observed shells with growth structures that were clearly not annual, 
fueling the debate about whether growth bands serve as annual markers. Crowley (1957) 
compared growth bands in Anodonta anatine to methods used in tree ring analysis 
(dendrochronology), and he reported that growth diminished with age and that accretion of 
growth bands was influenced by seasonal factors, primarily temperature. Negus (1966) 
performed a mark and recapture study investigating whether "dark" bands were produced 
annually. She aged forty-three unionids and found that thirty-seven produced "dark" annual 
growth bands. Unlike Negus, Hughes and Clausen (1980) studied marine bivalves and 
found variability in the formation of growth bands. More recent studies estimated 
theoretical age and growth rate using von Bertalanffy growth equations (Mccuaig and 
Green, 1983; Kesler and Downing 1997; Anthony et al., 2001). McCuaig and Green (1982) 
used the Ford-Walford plot and von Bertalanffy equations to investigate age and growth and 
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reported that the annulus-based age technique underestimated age compared to the von 
Bertalanffy growth equations. 
Freshwater bivalves are of great ecological and practical importance. They serve as 
biomonitors reflecting the health of a system due to their incorporation of organic 
contaminants and heavy metals (Foster and Bates, 1978; Imlay, 1982; Metcalfe-Smith and 
Green, 1992). These suspension feeders filter inorganic and organic particles from the 
water. Their excreted feces are edible for higher trophic levels influencing plankton ecology 
and trophic dynamics (Winter, 1978; National Native Mollusk Conservation Committee, 
1997; Vaughn and Hakenkamp, 2001). They serve as nutrient recyclers (Nalepa et al., 
1991; Vaughn and Hakenkamp, 2001). Socio-economically, they contribute to the cultured 
pearl industry (Thiel and Fritz, 1993; National Native Mollusk Conservation Committee, 
1997; Anthony et al., 2001). Historically, the button industry dredged major rivers such as 
the Mississippi and punched out blanks from the nacre of unionid shells, decimating unionid 
populations. 
Unionids are one of the most threatened groups of animals in North America. Of the 
nearly 300 species of freshwater bivalves, 70% are listed as endangered, threatened, species 
of special concern, or extinct (Williams et al., 1993). Anthropogenic factors such as habitat 
and water quality degradation, river alteration and impoundment, introduction of exotic 
species from the ballast water of ships, and commercial exploitation have been implicated as 
causes ofunionid decline (Mehlhop and Vaughn, 1994; Neves, 1999; Strayer et al., 2004; 
Lydeard et al., 2004). Given the decline, age estimates must be more accurate and reliable. 
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Beamish and Macfarlane (1983) demonstrated that small errors in the determination 
of growth and age can lead to the devastation of exploited populations and engender 
disastrous economic consequences. It is therefore important to know whether bivalve aging 
techniques are reliable. Metcalfe-Smith and Green (1992) found that age estimates of 
Elliptio complanata based on internal bands were more accurate than external bands; 
however, for Amblema plicata age estimates from external bands were more accurate. The 
accuracy of age estimates based on internal or external growth bands may be species 
specific. Other studies suggest that age estimates from growth bands may be reliable for 
younger, faster growing bivalves, but older, slower growing bivalves cannot be aged in this 
manner (Isley, 1914; Neves and Moyer, 1988; Downing et al., 1992; Downing and 
Downing, 1993). Downing et al. (1992) concluded that growth bands were decidedly not 
annual. Given the severity of unionid decline and our lack of reliable aging techniques, it is 
essential to develop new methods to resolve this issue. 
Geochemical analyses sampled parallel to the growth direction may provide an 
alternative method for aging shells. Oxygen isotope composition of shell carbonate is 
inversely related to temperature. Therefore, analysis of the oxygen isotope composition 
could provide information on the seasonality of growth (Tevesz et al., 1996; Dettman et al., 
1999; Surge et al., 2001; Wurster and Patterson, 2001; Elliot et al., 2003). This study seeks 
to test the hypotheses (1) that oxygen isotope composition of the shell (8180sHELL) of 
Lampsilis cardium (Rafinesque, 1820; plain pocketbook) are in isotopic equilibrium with the 
ambient environment; and (2) that dark growth bands occur in winter months. To test these 
hypotheses, bivalves were tagged in BR and BC, Iowa, USA. Water samples were collected 
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to characterize environmental conditions and provide the data to construct a predictive shell 
against which to compare the measured variability in isotopic composition of shell 
carbonate. This approach has been ground-truthed by previous studies (Dettman et al., 
1999; Surge et al., 2001; Wurster and Patterson, 2001; Elliot et al., 2003) and is useful for 
evaluating the season of growth band formation and growth history from one freshwater 
mollusk species, Lampsilis cardium. 
Literature Review 
Stable Isotope Systematics 
Stable isotopes are naturally occurring elements that have identical numbers of 
protons, but have different numbers of neutrons and do not decay like radiogenic isotopes. 
For instance, 160 has 8 protons and 8 neutrons, while 180 has 8 protons and 10 neutrons. 
This variation in neutrons results in mass differences among isotope species. Heavier atoms 
have slower vibrational frequency and increased binding energy with greater nuclear 
stability than lighter atoms. 
Isotopic fractionation is the partitioning of heavy and light isotopes between solid, 
liquid, and gaseous phases due to physical or chemical processes (e.g., between a mineral, 
such as aragonite, and water). Fractionation can occur via three main processes. 
Equilibrium isotope effect is when the isotope species arrange themselves in a state of 
minimum free energy. Kinetic isotope effects refer to differing rates of isotope exchange in 
chemical or physical reactions. Metabolic isotope effect or vital effect refers to the 
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preferential enrichment or depletion of an isotope and the fractionation occurring during 
metabolism. 
Fractionation is quantified using the fractionation factor, (a). This is a unitless 
measure that refers to the magnitude of fractionation (or partitioning) of the heavy relative to 
the light isotope. It is a temperature-dependent process and is expressed as: 
(1) 
where R is the ratio of the heavy isotope to the light isotope, and A and B are the two phases 
(e.g., solid/liquid). Oxygen isotope fractionation under equilibrium conditions is inversely 
proportional to temperature. Thus, there is less fractionation at higher temperatures and 
greater fractionation at lower temperatures. Generally, solid phases are enriched in the 
atoms of the heavy isotope while liquid phases are enriched in the light isotope because of 
difference in binding energy between the two phases. 
When the atoms of heavy and light isotopes fractionate, isotope exchange occurs. 
For example, when water reacts with carbon dioxide, the water molecule exchanges the 
oxygen isotope with the carbon dioxide molecule. 
H2160 + c1so160 B H21so +c1602 (2) 
This transfer of isotopes can occur as an equilibrium reaction (e.g., equilibrium isotope 
effect) or a kinetic reaction (e.g., kinetic isotope effect). Equilibrium reactions adhere to the 
conservation of mass, where the mass and the number of atoms are preserved before and 
after the reaction. Non-equilibrium reaction or kinetic reaction occurs because of an 
incomplete reaction or a one way reaction due to varying rates. Evaporation is an example 
of a kinetic reaction. During periods of evaporation, the light isotope is preferentially 
released as a gas vapor while the heavy isotope is preferentially maintained in the liquid 
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state. In addition to equilibrium and kinetic reactions, there is a biological reaction called 
"metabolic isotope effect" or "vital effect". This refers to reactions within a biological 
system which results in measurable fractionation. However, vital effects are more common 
in stable carbon isotope composition rather than oxygen isotope composition. 
Mass spectrometers are generally employed to determine the isotopic composition of 
a sample. Isotopic composition is expressed in the delta notation in per mil units (%0): 
() = [(RsAMPLE/RSTANDARD)-1] X 103 (3) 
Thus, when the sample has a greater isotopic ratio than the standard, the sample is enriched 
in the heavy isotope relative to the standard. Oxygen isotope composition is measured using 
an isotope ratio mass spectrometer (IRMS), which is comprised of a source, a flight tube 
with a magnet, and a detector system. The shell carbonate powder is acidified with H3P04 
and converted to a gaseous form (C02) and introduced into the mass spectrometer. The 
source bombards and ionizes the gas. The ionized gas enters the flight tube where the 
magnet deflects the light and heavy isotope species into detectors. The detector measures 
the abundance in ratios of heavy to light isotopes. 
Isotope Paleothermometry 
Stable isotopes were originally employed to examine calcareous organisms in pursuit 
of paleoclimate and paleoecological data (Urey et al. , 1951 ). Oxygen isotope composition 
of foraminifera, a form of zooplankton, was analyzed to investigate temperature variation 
(Wefer and Berger, 1980). In addition to obtaining stable isotope data, some species of 
foraminifera coil in a known direction with a given temperature range. Therefore, 
formaniferal isotope data could be cross-checked by comparing temperature estimated by 
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coiling to temperature estimated by 8180sHELL· The isotopic composition of skeletal 
carbonates in aquatic environments is dependent upon water temperature and salinity (the 
mixing of 8180 from freshwater and saltwater end members; Epstein et al., 1951; Krantz et 
al., 1984; Jones et al., 1986; Kirby et al., 1998; Surge et al., 2001; Surge et al., 2003). In 
other words, 8180sHELL is a function of the 8180wATER and the water temperature at the time 
of accretion. 
The application of 8180 as a paleothermometer in calcite minerals was first 
developed by Harold Urey (Epstein et al. , 1951; Urey et al., 1951; Epstein et al., 1953; 
Epstein and Lowenstam, 1953; and O'Neil et al. , 1969), and later was revised for 
application to calcite (Epstein et al., 1953; O'Neil et al,. 1969) and aragonite (Grossman and 
Ku, 1986; Dettman et al., 1999). Urey et al. (1951) determined that the oxygen isotope 
composition of calcite and aragonite from marine belemnites reflected the temperature at 
which the mineral formed. 
Epstein et al. (1953) documented the relation between the 8180 of skeletal carbonate 
from marine mollusks and water temperature by notching shells of Strombus gigas that were 
grown in temperature-controlled tanks. The newly accreted aragonite shells were 
sequentially sampled parallel to the growth direction and analyzed geochemically. By 
constraining 8180wATER, they determined the fractionation factor for a given temperature. 
This relationship between calcite and water temperature was later refined by Craig (1965). 
Tarutani et al. (1969) investigated the oxygen isotope fractionation between aragonite and 
water at 25°C. This and later studies found that aragonite was enriched by +0.6%0 relative to 
calcite (Tarutani et al. , 1969; Aharon and Chappel, 1983; Grossman and Ku, 1986). 
8 
Studying isotopic variation in shells from freshwater ecosystems is more 
complicated than in ocean settings due to mixing of multiple sources of water (e.g., 
groundwater, surfical runoff, seasonal precipitation, and snow melt.) each with a distinct 
8180wATER· Dettman et al. (1999) modified the fractionation equation of Grossman and Ku 
(1986) for freshwater systems by analyzing unionid shells. During the study period, water 
samples and water temperatures were recorded to construct a predicted shell investigating 
whether the organism was in isotopic equilibrium with the environment. Such studies allow 
the application of stable isotope geochemistry to ecological and environmental questions. 
Incremental growth potentially serves as a record of ambient environmental conditions. 
Dettman et al. (1999) and others have found that Lampsilis siliquoidea, Alasmisdonta 
viridis, L. radiata, Strophitus undulatus, Cyclonaias tuberculata, Villosa iris, and 
Anondonta grandis deposit their shells in oxygen isotope equilibrium with ambient 
environmental conditions (Dettman and Lohmann, 1993; Dettman, 1994; Tevesz et al., 
1996; Dettman et al. , 1999). By combining stable isotope geochemistry with incremental 
growth patterns (sclerochronology, discussed below), we can expand our knowledge of 
molluscan growth rates and population dynamics (Veinott and Cornett, 1996; Jones and 
Quitmyer, 1996; Kirby et al. , 1998; Dettman et al., 1999; Surge et al., 2001 ; Goodwin et al., 
2001 ; Schone et al., 2002; Schone et al. , 2003), pollution sources (Schone et al., 2003), and 
seasonal data such as temperature, salinity, and productivity (Fritz and Poplawski, 1974; 
Killingley and Berger, 1979; Arthur et al., 1983; Jones and Allmon, 1995; Bemis and Geary, 
1996; Tevesz et al. , 1996; Ingram et al. , 1996; Kaandrop et al., 2003; Schone et al. , 2003). 
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Unionid Sclerochronology 
Sclerochronology is the study of growth banding in accretionary skeletons of corals, 
mollusks, and otoliths (fish ear bones) (Jones, 1983; Veinott and Cornett, 1996; Jones and 
Quitmyer, 1996; Kirby et al., 1998; Dettman et al., 1999; Surge et al. , 2001 ; Goodwin et al. , 
2001; Schone et al., 2002; Schone et al., 2003). Accretionary growth features can preserve 
a chronological record of ontogenetic history which may include information on local 
environmental conditions. Originally, sclerochronology was applied to coral skeletons to 
investigate marine environmental conditions (Hudson et al., 1976). Skeletal carbonates such 
as mollusks, foraminifera, and otoliths have also been employed to study temporal variations 
in temperature, salinity, and productivity in oceans (Wefer, 1985; Spero and DeNiro, 1987; 
Spero and Williams, 1988). Mollusks serve as ideal candidates for sclerochronological 
studies because of their extensive geographic distribution in marine, estuarine, and 
freshwater habitats. 
Bivalve shells are formed by accretion of calcium carbonate by the mantle tissue to 
the margin of the pallial line (Rhoads and Lutz, 1980). The mineralization process occurs by 
ion movement from the ambient water to the mollusk's body epithelium to the mantle 
epithelium to the shell (Simkiss and Wilbur, 1989). When a bivalve deposits calcium 
carbonate, isotopic fractionation can occur. However, if disequilibrium fractionation occurs 
in a predictable manner, information about the ambient environmental conditions can be 
deciphered from isotopic variation in shell carbonate. This chronological record may serve 
as an archive of environmental and climate change. 
Similar to tree rings, bivalves in temperate regions are thought to grow rapidly in the 
summer and slowly in the winter, depositing light (opaque) and dark (translucent) bands, 
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respectively. Chamberlain (1931) observed that at temperatures below 12°C and 
disturbances, such as predation, caused bivalves to slow or cease growth in the Mississippi 
River at Fairport, Iowa, the White River at Newport, Arizona, and the Rio Grande at 
Mercedes, Texas. "Shutting down" or biological stasis refers to the withdrawal of the 
mollusk's tissue from the mantle margin of the shell. This retreat of tissue results in a 
matrix relative to the faster growing periods characterized by more calcium carbonate. This 
overlap of organic matrix provides an appearance of a translucent band. 
Growth bands serve as demarcations of stressors such as aging, predation, 
reproduction or an abrupt change in temperature, salinity, or food availability. Jones et al. 
(1983) hypothesized that 8180 and o13C of shell carbonate preserved life history and 
environmental conditions and found that shell increments reflected the environmental 
conditions. Jones and Quitmyer (1996) compared the timing of band deposition in Neogene 
and modem northern and southern Mercenaria spp. and Jurassic Gryphaea arcuata to test 
the hypothesis that dark bands formed in the winter due decreased growth rates or lack of 
growth. By comparing oxygen isotope composition and temperature to assess the season of 
dark band formation, they found that M mercenaria (northern quahog) formed dark bands in 
winter while the M campechiensis (southern quahog) and G. arcuata deposited dark bands 
in summer. This study suggested that the formation of growth bands was not limited to the 
winter season. 
Dettman et al. (1999) investigated whether two freshwater unionids, Lampsilis ovata 
ventricosa (the pocketbook) and Alasmidonta viridis (the slippershell) grew in isotopic 
equilibrium and to determine the season of band formation. They calculated the predicted 
values based on the water temperature, o180wATER of the Huron River and Fleming Creek in 
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Michigan, and the fractionation factor for aragonite and water ( Uaragonite/water). They reported 
that the two species of unionids precipitated their shells in isotopic equilibrium. Barrera and 
Tevesz (1990) and Tevesz et al. (1996) further documented the usefulness of 8180 values of 
the shell serving as a tool for ecological and paleoecological investigation of unionids 
The purpose of this thesis research was to investigate the growth history of L. 
cardium and the season of growth band formation using geochemical and sclerochronologic 
methods. This study sought to determine whether unionid shells can be employed as an 
archive of the ambient environment and ontogenetic growth history. 
Thesis Organization 
The body of this thesis is organized into one manuscript. Chapter 2 of this thesis is 
written in the format of a manuscript that will be submitted to the journal Palaeogeography, 
Palaeoclimatology, Palaeoecology. It pertains to the use of combining geochemistry and 
sclerochronology to better understand the ontogenetic history of Lampsilis cardium. 
Chapter 3 is a discussion of the conclusions obtained from this study. 
References 
Aharon, P. and Chappell, J. , 1983. Carbon and oxygen isotope probes ofreef 
environment histories . In: Barnes, D.J. (Eds.), Perspectives on Coral Reefs 
Australian Institute of Marine Science. pp 1-15. 
Anthony, J.L., Kesler, D.H., Downing, W.L., and Downing, J.A., 2001. Length-
Specific growth rates in freshwater mussels (Bivalvia: Unionidae ): extreme 
longevity or generalized growth cessation? Freshwater Biology, 46: 1349-1359. 
12 
Arthur, M.A., Williams, D.F., and Jones, D.S., 1983. Seasonal temperature-salinity 
changes and thermocline development in the mid-Atlantic Bight as recorded by 
the isotopic composition of bivalves. Geology, 11 : 655-659. 
Barrera, E. and Tevesz, M.J.S., 1990. Oxygen and carbon isotopes: Utility for 
environmental interpretation of Recent and fossil invertebrate skeletons. In: Carter, 
J.G. (Eds.), Skeletal biomineralization: Patterns, processes and evolutionary trends. 
Van Nostrand Reinhold, New York, pp. 557-566. 
Beamish, R.J. and Mcfarlane, G.A., 1983. The forgotten requirement for age 
validation in fisheries biology. Transactions of the America Fisheries 
Society, 112: 735-743. 
Bemis, B .E. and Geary, D .H., 1996. The usefulness of bivalve stable isotope profiles 
as environmental indicators: data from the eastern Pacific Ocean and the 
southern Caribbean Sea. Palaios, 11: 328-339. 
Brousseau, D.J. 1984. Age and growth rate determinations for the Atlantic ribbed 
mussel, Geukensia demissa Dillwyn (Bivalvia: Mytilidae). Estuaries, 7: 233-
241. 
Chamberlain, T.K., 1931. Annual growth of fresh-water mussels . Bulletin of the United 
States Bureau of Fisheries, 46: 713-739. 
Coker, R.E., Shira, A.F., Clark, H.W., and Howard, A.D., 1921. Natural history and 
propagation of fresh-water mussels. Bulletin of the US Bureau of Fisheries, 37: 75-
181. 
Craig, H., 1961. Isotopic variations in meteoric waters. Science, 133: 1702-1703. 
13 
Craig, H., 1961. Standard for reporting concentrations of deuterium and oxygen -18 in 
natural waters. Science, 133: 1833-1834. 
Crowley, T.E., 1957. Age determination inAnodonta. Journal ofConchology, 24: 201-
207. 
Dettman, D.L., Reische, A.K., and Lohmann, K.C., 1999. Controls on the stable isotope 
composition of seasonal growth bands in aragonitic fresh-water bivalves 
(unionidae). Geochimica et Cosmochimica Acta, 63: 1049-1057. 
Dettman, D.L., 1994. Stable isotope studies of freshwater bivalves (Unionidae) and 
ostracodes (Podocopida): implications for Late Cretaceous/Paleogene and 
early Holocene paleoclimatology and paleo-hydrology of North America. 
Ph. D dissertation, University of Michigan, Ann Arbor, MI. 
Dettman, D.L. and Lohmann, K.C, 1993. Seasonal change in Paleogene surface 
water 8180: freshwater bivalves of Western North America. In: Swart, P.K., Lohman, 
K.C, McKenzie, J. , and Savin, S. (Eds.), Climate Change in Continental Isotopic 
Records, American Geophysical Union, Geophysical Monograph vol. 78, pp.153-
163. 
Downing, W.L., and Downing, J.A., 1993. Molluscan shell growth and loss. Nature, 
362: 506. 
Downing, W.L., Shostell, J., and Downing, J.A., 1992. Non-annual external annuli 
in the freshwater mussels Anodonta grandis grandis and Lampsilis radiatata 
Siliquoidea. Freshwater Biology, 28: 309-317. 
14 
Elliot, M., deMenocal, P.B. , Braddock, K.L., and Howe, S.S., 2003. Environmental 
controls on the stable isotopic composition of Mercenaria mercenaria: Potential 
application to paleoenvironmental studies. Geochemistry, Geophysics, Geosystems, 
4: 1056-1072. 
Epstein, S., Buchsbaum, R., Lowenstam, H.A., and Urey, H.C., 1953. Revised 
carbonate-water isotopic temperature scale. Bulletin of the Geological Society of 
America, 64: 1315-1326. 
Epstein, S., and Lowenstam, H.A., 1953. Temperature-shell-growth relations ofrecent 
and interglacial Pleistocene shoal-water biota from Bermuda. Journal of 
Geology, 61: 424-438. 
Epstein, S., Buchsbaum, R. , Lowenstam, H.A., and Urey, H.C., 1951. Carbonate-water 
isotopic temperature scale. Geolocial Society of America Bulletin, 62: 417-426. 
Foster, R.B., and Bates, J.M., 1978. Use of freshwater mussels to monitor point source 
industrial discharges. Environmental Science & Technology, 12: 958-962. 
Fritz, J.B., and Poplawski, S., 1974. 180 and 13C in the shells of freshwater molluscs and 
their environments. Earth Planetary Science Letters, 24: 91-98. 
Goodwin, D.H., Flessa, K.W., Schone B.R., and Dettman, D.L., 2001. Cross-
calibration of daily growth increments, stable isotope variation, and temperature 
in the Gulf of California bivalve mollusk Chione cortezi: Implications for 
paleoenvironmental Analyses. Palaios, 16: 387-398. 
Grossman, E.L., and Ku, T., 1986. Oxygen and carbon isotope fractionation in biogenic 
aragonite: Temperature effects. Chemical Geology, 59: 59-74. 
15 
Hudson, J.H., Shinn E.A. , Halley, R.B. , and Lidz, B., 1976. Sclerochronology: A tool for 
interperting past environments. Geology, 4: 361-364. 
Imlay, M.J. , 1982. Use of shells of freshwater mussels in monitoring heavy metals 
and environmental stresses: A review. Malacological Review, 15: 1-14. 
Ingram, B.L., Ingle, J.C., and Conrad, M.E., 1996. A 2000 yr record of Sacramental-
San Joaquin river inflow to San Francisco Bay estuary, California. Geology, 24: 
331-334. 
Isley, F.B. , 1914. Experimental study of the growth and migration of fresh-water 
mussels. U.S. Bureau of Fisheries Document No. 792, Government Printing 
Office, Washington D.C. 
Jones, D.S. , and Quitmyer I .R., 1996. Marking Time with Bivalve Shells: Oxygen 
isotopes and season of annual increment formation. Palaios, 11: 340-346. 
Jones, D.S., and Allmon, W.D., 1995. Records of upwelling, seasonality, and growth 
in stable-isotope profiles of Pliocene mollusk shells from Florida. Lethaia, 28: 
61-74 
Jones, D.S., Williams, D.F. , and Romanek, C.S., 1986. Life history of symbiont-
bearing giant clams from stable isotope profiles. Science , 231: 46-48. 
Jones, D.S. , 1983. Sclerochronology: Reading the Record of the Molluscan Shell. 
American Scientist, 71 : 384-391. 
Jones, D.S. , Williams, D.F., and Arthur, M.A. , 1983. Growth history and ecology 
of the Atlantic surf clam, Spisula solidissima (Dillwyn), as revealed by stable 
isotope and annual shell increments. Journal of Experimental Marine Biology, 
73 : 225-242. 
16 
Kanndorp, R.J.G., Vonhof, H.B., Del Busto, C., Wesselingh, F.P., Ganssen,. G.M., 
Marmol, A.E., Pittman, L.R., van Hinte, J.E., 2003. Seasonal stable isotope 
variations of the modem Amazonian freshwater bivalve Anodontites trapesialis. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 194: 339-354. 
Kesler, D.H., and Downing J.A., 1997. Internal shell annuli yield inaccurate growth 
estimates in the freshwater mussels Elliptio complanata and Lampsilis 
radiata. Freshwater Biology, 37: 325-332 
Killingley, J.S., and Berger, W.H., 1979. Stable isotopes in a mollusk shell: Detection 
of upwelling events. Science, 205: 186-188. 
Kirby, M.X., and Soniat, T.M., 1998. Stable isotope sclerochronology of pleistocene and 
recent oyster shells (Crassostrea virginica). Palaios, 13: 560-569. 
Krantz, D.E., Jones, D.S., and Williams, D.F., 1984. Growth rates of the sea scallop, 
Placopecten magellanicus, determined from the 180 /160 record in shell calcite. 
Biological Bulletin, 167: 186-199. 
Lydeard, C., Cowie, R.H., Ponder, W.F., Bogan, A.E., Bouchet, P., Clark, S.A., Cummings, 
K.S., Frest, T.J., Garominy, 0., Herbert, D.G., Hershler, R., Perez, K.E., Roth, B., 
Seddon, M, Stong, E.E., and Thompson, F.G., 2004. The global decline of 
nonmarine mollusks. Bioscience, 54: 321-330. 
McConnaughey, T., 1989. 13 C and 180 isotopic disequilibrium in biological carbonates: I. 
Patterns. Geochimica et Cosmochimica Acta, 53: 151-162. 
McCuaig, J.M. and Green, R.H., 1982. Unionid growth curves derived from annual rings: 
a baseline model for Long Point Bay, Lake Erie. Canadian Journal of Fisheries and 
Aquatic Sciences, 40: 436-442. 
17 
Mehlhop, P. and Vaughn, C.J., 1994. Threats to and sustainability of ecosystems for 
freshwater mollusks. In: Covington, W. , Dehand, L.F. (Eds.), Sustainable 
Ecological Systems: Implementing an Ecological Approach to Land Management. 
General Technical Report Rm-247 for Rocky Mountain Range and Forest 
Experimental Station. U.S. Forest Service, U.S. Department of Agriculture, Fort 
Collins, CO, pp. 68-77. 
Metcalfe-Smith, J.L., and Green, R.H. , 1992. Aging studies on three species of 
freshwater mussels from a metal-polluted watershed in Nova Scotia, Canada. 
Canadian Journal of Zoology, 70: 1284-1291 . 
Nalepa, T.F. , Gardner W.S ., and Malczyk J.M. , 1991. Phosphorus cycling by mussels 
(Unionidae: Bivalvia) in Lake St. Clair. Hydrobiologia, 219: 239-250. 
Negus. C.L. , 1966. A quantitative study of growth and production ofunionid mussels in 
the River Thames at Reading. Journal of Animal Ecology, 35 : 513-532. 
Neves, R .J. , 1999. Conservation and Commerce: Management of Freshwater Mussel 
(Bivalvia: Unionoidea) Resources in the United States. Malacologia, 41: 461-
474. 
Neves, R.J. , and Moyer, S.N., 1988. Evaluation of Techniques for age determination of 
freshwater mussels (Unionidae ). American Malacological Bulletin, 6: 179-188. 
O'Neil, J.R. , Clayton, R.N. , and Mayeda, T.K. , 1969. Oxygen isotope fractionation in 
divalent metal carbonates. Journal of Physical Chemistry, 51: 5547-5558. 
Pannella, G. , and MacClintock, C., 1968. Biological and environmental rhythms in 
molluscan shell growth. Paleontological Society, 42: 64-8 1. 
18 
Rafinesque, C.S., 1820. Monographie des coquilles bivalves fluviatiles de la Riviere Ohio, 
Contenant douze genres et soixante-huit especes. Annales Genera/es des Sciences 
Physiques, Bruxelles, 5: 287-322. 
Rhoads, D.C., and Lutz, R.A., 1980. Skeletal growth of aquatic organism. 
Biological records of environmental change. Plenum Press, New York, NY. 
Rhoads, D.C., and Pannella, R., 1970. The use of molluscan shell growth patterns in 
ecology and paleoecology. Lethaia, 3: 143-161. 
Ropes, J.W., Jones, D.J., Murawski, S.A., Serchuk, F.M., and Jerald Jr., A., 1984. 
Documentation of annual growth lines in ocean quahogs, Arctica islandica Linne. 
Fishery Bulletin, 82: 1-19. 
Schone B.R., Flessa, K.W., Dettman, D.L., Goodwin, D.H., 2003. Upstream dams and 
downstream clams: Growth rates of bivalve mollusks unveil impact ofriver 
management on estuarine ecosystems (Colorado River Delta, Mexico). Estuarine, 
Coastal and Shelf Science, 58: 715-726. 
Schone B.R., Goodwin, D.H., Flessa, K.W., Dettman, D.L., and Roopnarine, P.D., 
2002. Sclerochronology and growth of the bivalve mollusks Chione (chionista) 
fluctifraga and Chione (Chinista)cortezi in the northern Gulf of California, 
Mexico. Veliger, 45: 45-54. 
Simkiss, K., and Wilbur, K.M., 1989. Biomineralization cell biology and mineral 
deposition. Academic Press Inc., New York, NY. pp. 231-261. 
Spero, H.J., and Williams, D.F., 1988. Extracting environmental information from 
planktonic foraminiferal 813C data. Nature. 335: 717-719. 
19 
Spero, H.J. , and DeNiro, M.J., 1987. The influence of symbiont photosynthesis on the 
8180 and 813C values of planktonic foraminiferal shell calcite. Symbiosis, 4: 213-228. 
Strayer, D.L., Downing, J.A., Haag, W.R., Newton, T.J., and Nichols, S.J., 2004. Changing 
perspectives on pearly mussels, North America's most imperiled animals. 
Bioscience, 54: 429-439. 
Surge, D.M., Lohmann, K.C., and Goodwin, G.A., 2003. Reconstructing estuarine 
conditions: oyster shells as recorders of environmental change, Southwest Florida. 
Estuarine, Coastal and Shelf Science, 57: 737-756. 
Surge, D.M., Lohmann, K.C., Dettman, D.L., 2001. Controls on isotopic chemistry of 
the American oyster, Crassostrea virginica: implications for growth patterns. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 172: 283-296. 
Tartutani, T., Clayton, R.N., and Mayeda, T.K., 1969. The effect of polymorphism and 
magnesium substitution on oxygen isotope fractionation between calcium 
carbonate and water. Geochimica et Cosmochimica Acta, 33: 987-996. 
Tevesz, M.J.S., Barrera, E., and. Schwelgien, S.F., 1996. Seasonal variation in 
oxygen istopic composition of two freshwater bivalves: Sphaerium striatinum and 
Anodonta grandis. Journal of Great Lakes Research, 22: 906-916. 
The National Native Mussel Conservation Committee, 1998. National Strategy f or the 
Conservation of Native Freshwater Mussels, 17: 1419-1428 . 
• 
20 
Thiel, P.A., and Fritz, A.W., 1993. Mussel harvest and regulations in the Upper 
Mississippi River System. In: Cummings, K.S., Buchanan, A.S., and Koch, L.M., 
(Eds.),Conservation and management of freshwater mussels. Proceedings of a 
UMRCC symposium, 12-14 October 1992, St. Louis, Missouri. pp 11-18. Upper 
Mississippi River Conservation Committee, Rock Island. 
Urey, H.C., Lowenstam, H.A., Epstein, S., and McKinney, C.R., 1951. Measurement 
of paleotemperatures and temperatures of the Upper Cretaceous of England, 
Denmark, and the Southeastern United States. Geological Society of America 
Bulletin, 62: 399-416. 
Vaughn, C.C., and Hakenkamp, C., 2001. The functional role of burrowing bivalves in 
freshwater ecosystems. Freshwater Biology, 46: 1431-1446. 
Veinott, G.I., and Cornett, R.J., 1996.Identification of annually produced opaque bands 
in the shell of the freshwater mussels Elliptio complanata using the seasonal cycle 
of 8180. Canadian Journal of Fisheries and Aquatic Sciences, 53: 372-379. 
Wefer, G., 1985. Die Verteilung stabiler Isotope in Kalkschalen mariner Organismen. 
Geologigishe Jahrbuch, Series A. Monograph 82: 1-111. 
Wefer, G. and Berger, W.H., 1980. Stable istopes in benthic foraminifera: seasonal variation 
in large tropical species. Science, 209: 803-805. 
Williams, J.D., Warren, M.L., Cummings, K.S., Harris, J.L., and Neves, R J., 1993. 
Conservation Status of Freshwater Mussels of the United States and Canada. 
Fisheries, 18: 6-22. 
21 
Winter, J.E., 1978. A Review on the Knowledge of Suspension-Feeding in 
Lamellibranchiate Bivalves, with Special Reference to Artificial Aquaculture 
Systems. Aquaculture, 13: 1-33. 
Wurster, C.M. and Patterson, W.P., 2001. Seasonal variation in stable oxygen and 
carbon isotope values recovered from modem lacustrine freshwater molluscs: 
Paleoclimatological implications for sub-weekly temperature records. Journal of 
Paleolimnology, 26: 205-218. 
22 
Chapter 2: OXYGEN ISOTOPE COMPOSITION OF Lampsilis cardium 
FROM BOONE RIVER AND BUFFALO CREEK IN IOWA: 
IMPLICATIONS FOR SEASONAL GROWTH 
A manuscript prepared for submission to Palaeogeography, Palaeoclimatology, 
Palaeoecology. 
Ann Goewert, Donna Surge, John Downing, and Scott Carpenter 
Abstract 
Unionids grow their shells incrementally. Thus, they potentially preserve ontogenetic 
history and ambient environmental conditions as seasonal variation in oxygen and stable 
carbon isotope compositions (8180 and 813C, respectively). This study combined 
geochemistry and sclerochronology to investigate whether Lampsilis cardium precipitated 
its shell in isotopic equilibrium with the ambient environment and if growth bands were 
deposited seasonally. To characterize ambient conditions, we measured temperature, 
8180wATER, 813C of dissolved inorganic carbon (DIC), and pH biweekly from September 
2002 to July 2004 in two Iowa rivers, Boone River (BR; agricultural watershed with C-4 
plants: com) and Buffalo Creek (BC; urban watershed with C-3 plants: soybeans). These 
data were used to calculate predicted values of isotopic composition to compare to measured 
shell values. One hundred fifty-four individuals were marked at the postero-dorsal margin in 
September 2002 and June 2003. Seven recaptured shells collected in July 2004 were 
measured isotopically across three growth bands from the growing edge towards the umbo. 
8180 sHELL corresponded to predicted values from early spring to early fall. Predicted winter 
values were not recorded, representing winter growth cessation. Rapid temperature change 
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appears to control the onset and cessation of growth. The location of seasonal growth bands 
corresponded to winter cessation, and non-seasonal disturbance bands were identified. In 
BR, 813CsHELL did not follow predicted values and were offset by+ 1 to +4%0 (VPDB). In 
BC, three of the four shells tracked predicted values during spring and summer, but not 
during fall. This finding suggests that vital effects control 813C in some of the shells all of 
the time and in all of the shells some of the time. Regardless of the correspondence (or lack 
thereof) to predicted values, 813C values of shells from BC are more negative than those 
from BR. This result is consistent with expected offsets between watersheds having C-4 
(BR) versus C-3 vegetation (BC). We conclude that 8180sHELL can be used to decipher 
seasonal variation in shell growth. Although 813CsHELL may not be useful to reconstruct 
seasonal change in sources of DIC, it can be used to reconstruct changes in the dominant 
vegetation within a watershed. 
1. Introduction 
Greater than 70% of the 300 North American species ofunionids are extinct, 
extirpated, or species of concern (Williams et al., 1993) and little is known about their life 
history and growth patterns. Unionids are composed of repeating layers of microstructure 
formed by mantle accretion of calcium carbonate (Rhoads and Lutz, 1980). Shell growth 
features serve as archives of the individual' s growth history and local environmental 
conditions (Jones, 1983; Jones et al., 1983; Jones and Quitmyer, 1996; Tevesz et al. , 1996; 
Veinott and Cornett, 1996; Kirby et al. , 1998; Dettman et al., 1999; Goodwin et al., 2001 ; 
Surge et al., 2001 ; Wurster and Patterson, 2001 ; Schone et al. , 2002; Schone et al., 2003; 
Elliot et al. , 2003). In temperate regions, unionids have been presumed to grow seasonally. 
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Growth during warm months is characterized by rapid calcium carbonate deposition. In 
contrast, winter growth is slowed or arrested, producing negligible amounts of calcium 
carbonate. Arrested growth or biological stasis results in layers of organic matrix 
(composed of conchiolin) overlapping, providing the appearance of a dark growth band. 
Early attempts to estimate age and growth rates used growth bands as a measure of 
one year (e.g., Isley, 1914; Coker et al., 1921; Chamberlain, 1931; Crowley, 1957; Negus, 
1966; Brousseau, 1984). Coker et al. (1921) questioned the validity of this method citing 
the observation of multiple growth bands deposited in one year, stating that "annual" growth 
bands were not distinguishable from disturbance bands. Chamberlain (1931) noted that 
unionids formed two types of bands. Seasonal growth bands form when temperatures 
dropped below 12°C creating unsuitable growth conditions. In contrast, disturbance bands 
are triggered by stress, such as predation, turbidity, and non-seasonal spikes in temperature 
(e.g., release of reservoir water). The formation of both seasonal and disturbance growth 
bands in one calendar year results in inaccurate estimates of age and growth rates. 
Recent methods to determine age use mathematical growth models. von Bertalanffy 
growth equations have been employed to estimate the theoretical age of unionids (McCuaig 
and Green, 1982; Kesler and Downing, 1997; Anthony et al., 2001). Anthony et al. (2001) 
used mark and recapture dates and measurements in conjunction with von Bertalanffy 
growth equations to compare theoretical age to annulus-based age (growth bands). They 
reported that the annulus technique underestimated the age of unionids. The reliability of 
growth bands as age indicators is still controversial. 
The combination of geochemistry and sclerochronology (shell growth features) can 
be employed to elucidate the growth record. Interactions between the local environment and 
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the physiology of unionids are not well documented. Geochemical variations of shell 
carbonate have been employed to decipher the influence of environmental factors on bivalve 
growth, such as the effect of temperature on growth patterns and rates (Jones et al., 1983; 
Wurster and Patterson, 2001; Elliot et al., 2003; Dettman et al., 2004; Goodwin et al., 2004). 
Dettman et al. (1999) reported that Lampsilis ovata ventricosa (the pocketbook) and 
Alasmidonta viridis (the slippershell mussel), in two Michigan rivers, precipitate their shells 
in isotopic equilibrium with the ambient environment. They concluded that shells reliably 
record the growth history and environmental variability. In addition, they documented that 
growth bands occurred in winter months and were triggered by temperatures below 12°C. 
Thus, shells of other freshwater species may also serve as archives of ontogenetic and 
environmental history. 
L. cardium is an abundant species of freshwater mussel in Iowa rivers and may 
provide archives of growth history and environmental change associated with historical 
intensification of agriculture. This study tests the hypotheses that (1) shells of L. cardium are 
in isotopic equilibrium with the ambient environment; and (2) growth band formation of 
individuals from temperate regions occurs during winter months when temperature falls 
below optimal growth conditions. 
2. Methods 
2.1 Site Description 
Intensive agricultural practices have altered the hydrology and the physical structure 
of rivers, consequently resulting in flashy systems, excessive sediment and nutrient loads, 
unstable substrates, and decline in the native aquatic fauna (Richter et al. , 1997; Wood and 
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Armitage, 1997). This study focuses on the Boone River (BR), which is situated in 
Hamilton County in north central Iowa, and Buffalo Creek (BC), located in Linn County in 
eastern Iowa near Cedar Rapids (Figure 1 ). BR and BC were selected based on a survey of 
unionids by Arbuckle (2002), who reported an abundant and diverse molluscan fauna at 
these sites. Additional site criteria were based on the physical structure of the river serving 
as suitable molluscan habitat. It was important that the rivers were buffered from the 
intensive agriculture and that the river beds had a mixture of stable gravel and sand substrate 
to support a diverse and abundant fauna. A shallow water depth was desirable for collection 
of the unionids. Overall, the sites were to obtain the greatest number of unionids. 
BR begins in Hancock County and empties into the Des Moines River south of 
Webster City and has a main channel length of 166 km characterized by a riffle-pool 
structure and a semi-stable gravel and sand substrate. It is buffered from row crops 
dominated by com with a surrounding strip of deciduous trees 
(http://waterdata.us gs. gov /ia/nwis/rt). 
BC is a tributary of the Wapsipinicon River starting in Jones County and ending in 
Fayette County. It also has a riffle-pool structure with a stable gravel and sand substrate. 
This river is buffered with deciduous trees and soybean crops. Unlike BR, BC runs through 
an urban environment and is situated primarily among cattle farming 
(http://waterdata.usgs.gov/ia/nwis/rt). 
2.2 Mark and Recapture 
L. cardium served as an ideal specimen for this study because of its large, thick shell 
allowing ample shell material for the investigation of seasonal isotopic variation. This 
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species is also abundant and has a wide distribution in Iowa and other Midwestern rivers. 
One hundred fifty-four L. cardium were collected from BR (n=92) and BC (n=62). The left 
valve of each animal was cleaned of organic matter and marked with pointed plastic labels 
cemented with Zap-it Accelerator and Base®, a type of dental cement (Dental Ventures of 
America), to the postero-dorsal margin of individual shells (Figure 2). Specimen 
identification labels identify the locality and the specimen number. The pointed edge of the 
plastic label was affixed at the postero-dorsal margin of the shell to indicate the beginning of 
the study (i.e., time zero). At the time of marking, all individuals were measured with 
vernier calipers (0.1 cm) for length (perpendicular to the hinge at the umbo to the margin), 
height (along the maximum distance of the postero-anterior axis), and thickness (parallel to 
the two dorsal shell sides) and then replaced into their original locations. The unionids in 
BR were marked on September 1, 2002 and recaptured on July 7, 2004, while those in BC 
were marked June 23, 2003 and recaptured on July 15, 2004. The discrepancy between the 
marked dates is due to the onset of cooler weather resulting in the bivalves burrowing below 
the surface of the river bottom. Each recaptured bivalve was measured for length, height, 
and thickness and then killed on-site. Ten of the ninety-two marked bivalves from BR were 
recovered, while three of the sixty-two marked animals were found in BC. Three unmarked 
L. cardium were also collected in BC due to the low recapture percent. The high degree of 
spring showers may have displaced the unionids contributing to the low recapture percent. 
2.3 Local environmental conditions 
To characterize local environmental conditions, we sampled water (2 meters below 
the surface) biweekly from September 2002 to July 2004 in BR and from June 2003 to July 
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2004 in BC. Water temperature and pH were measured using a hand-held YSI multi-
parameter probe at a depth of 2 meters below the water surface. Water samples were 
collected biweekly at each site for isotopic analysis. Fifteen ml of water were stored in 
plastic Nalgene bottles for 0180 analysis. Thirty ml of water were filtered, poisoned with 
benzalkonium chloride and stored in glass serum vials sealed with C02 impermeable septa 
for o13C analysis of dissolved inorganic carbon (DIC). Water samples could not be collected 
from December 2003 to March 2004 in BR because the ice froze to the river bottom. Due to 
a refrigerator malfunction, 6 of the o180wATER samples and 12 of the o13Cmc samples froze 
and cracked; thus, these samples were discarded. 
The o180wATER and o13Cmc values were analyzed using a GasBench II auto-
preparation system coupled to a Finnigan Delta Plus/XL isotope ratio mass spectrometer 
(IRMS). Five ml samples of water were equilibrated with C02. Repeated measurements of 
an internal water standard normalized the data to within 0.1 %0 standard deviation, and 
absolute values were normalized to the international standards VSMOW (Vienna Standard 
Mean Ocean Water) and VSLAP (Vienna Standard Light Antarctic Precipitation). One 
hundred samples of water were collected from the Skunk River in Ames, Iowa and repeated 
measurements of individual samples served as the internal standard. o180wATER values are 
reported in per mil units (%0) with respect to the VSMOW standard. o13Cmc values are 
reported in per mil units relative to VPDB (Vienna Pee Dee Belemnite) standard. 
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2.4 Shell Samples 
To control for varying growth rates associated with size variability, we selected a 
subset of the recaptured shells for isotopic analysis from roughly the same size class. Three 
individuals from BR and four from BC were selected for 8180 and 813C analysis. High-
resolution carbonate samples were obtained using a mounted Brasseler dental hand-set fitted 
with a 0.3 mm burr. Microsamples were drilled from the outer prismatic layer parallel to the 
growth direction (Table 1 ). The last three growth bands from the growing edge were 
crossed. Growth bands were identified and mapped digitally. Approximately 20 µg of 
carbonate powder were analyzed isotopically. The carbonate powder produced from the 
shell was collected and analyzed individually using a Finnigan MAT 252 IRMS with an 
automated carbonate reaction system (Kiel Device, Finnigan Corporation). Analytical 
precision for the samples was maintained at less than 0.1 %0. 8180sHELL and 813CsHELL are 
reported in per mil units relative to the VPDB standard. 
2.5 Predicted Shell 
To evaluate equilibrium precipitation, a predicted shell representing the expected 
8180sHELL precipitated under isotopic equilibrium was calculated for BR and BC (Figures 3 
and 4). The predicted shell is based on water temperature, 8180wATER, and the temperature-
dependent oxygen isotope fractionation between water and aragonite. Using the equilibrium 
fractionation equation presented by Grossman and Ku (1986) and later modified by Dettman 
et al. (1999), temperature is indirectly related to the fractionation factor shown by the 
following equation: 
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1000 ln (a)= 2.559 (106T 2) + 0.715 (1) 
where T is temperature in Kelvin and a is the fractionation factor. This modified 
temperature equation by Dettman et al. (1999) was chosen over the temperature equation of 
Grossman and Ku (1986) because it avoids uncertainties associated with applying a 
correction factor to adjust for the measurement scale of water (VSMOW) and oxygen 
isotope composition of carbonate (VPDB). The oxygen isotope composition of biogenic 
aragonite was obtained using the following equation: 
U (ARAGONITE/WATER) = (103 + 0180ARAGONITE(VSMOWtl 
( 103 + 8180w A TER(VSMow>) 
The calculated 8180 values were converted from VSMOW to VPDB using the equation 
reported by Gonfiantini et al. (1995): 
8180 s HELL(VPDB) = (8180sHELL(VSMOWr 30.91)/1.0309 
(2) 
(3) 
Measured 8180sHELL values of the marked portion of L. cardium were compared to the 
predicted shell for BR and BC (Figures 3 and 4). Measured and predicted 8180sHELL values 
were aligned to account for the varying growth rates and periods of stasis. Comparing the 
measured shell data to the predicted shell required assignments of dates to individual data 
points. Mark and harvest dates served as anchors for the initial and final increment of 
growth during the water sampling period. Initial and final growth increments should record 
the ambient environmental conditions at or near the time of mark and harvest, respectively. 
The data contained between these anchor points were plotted against the model by stretching 
the data to account for uniform growth. This method was used successfully by Dettman et 
al. (1999) and Elliot et al. (2003). 
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To relate carbon isotope composition (o13C) of shells to equilibrium precipitation, we 
calculated predicted o13C values. pH influences the relative abundance of aqueous carbon 
species (C02, HC03-, CO{). In BR and BC, greater than 95% of DIC is in the form of 
HC03- given that our measured pH is between 6.92-8.46for both rivers (Table 2) (Romanek 
et al., 1992; Barker et al., 2003). Romanek et al. (1992) report that the following equation 
can be used to calculated predicted o13CsHELL values when pH is between 7.5 and 8.0: 
(4) 
where o13CHco3- represents the carbon isotope composition of bicarbonate. o13CHc03- was 
calculated using measured o13Cmc and pH following procedures outlined by Romanek et al. 
(1992). 
2.6 von Bertalanffy Growth Equations 
von Bertalanffy (1960) growth equations were employed to estimate elapsed time 
based on mark and recapture data. They were used to validate the utility of this aging 
method by comparing the estimated elapsed time to the known elapsed time for the marked 
portion of the shell (Table 3). Anthony et al. (2001) solved von Bertalanffy growth 
equations for theoretical age of an individual (Equation 5) and the maximum age of an 
individual at L"', theoretical maximum length at infinite age (Equation 6). 
t =to+ ln {[l-(L1/L"')]-K} 
where t=theoretical age, t0=age at time zero, L1=lenth at time t, L"'=theoretical maximum 
length at infinite age, K =growth rate. 
tmax=(ln(L"') + (K)(to))/K 
(5) 
(6) 
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This study employed the Ford-Walford relation (Equations 7 and 8) to establish the 
growth rate of L. cardium from the two rivers and allow the estimation of the coefficients of 
the von Bertalanffy growth equations (Loo=theoretical maximum length at infinite age and 
K=the rate at which the organism approaches the theoretical maximum length) by regressing 
L (length) at (t + 1) as y and L (length) at (t) as x in y =bx+ a (von Bertalanffy, 1960). The 
spacing of individual data points expresses the geometric growth of juveniles over 
successive time periods. 
A Ford-Walford plot was constructed by comparing the L1 (growth edge at time of 
harvest) to Lo (the growth edge at the time of marking). A linear regression ofL1 to Lo 
allowed the estimation of the slope, p, and the intercept,a (Ricker, 1975). The slope and 
intercept variables were employed to calculated Loo, the theoretical maximum length at 
infinite age (Equation 7). 
Loo=[ a I (1-P)] 
Equation 8 estimates the growth rate, K, by taking the natural log of the slope (change in 
size). 
K=-lnp 
(7) 
(8) 
Given the estimated von Bertalanffy growth coefficients, the theoretical time elapsed, t, was 
calculated using equation 5 while the theoretical maximum age at Loo was calculated using 
equation 6. 
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3. Results 
3.1 Water Temperature and Chemistry 
Water temperature at BR ranged from 0-28°C (Figure 5). The average 2002 to 2004 
summer (June to September) temperature was 21.1 ± 5.8°C (n=l2) and average winter 
temperature (December to March) was 1.7 ± 3.1°C (n=l2). o180wATER varied from -11.32 to 
-2.49%0 (Figures 3 and 5). The most negative value is an excursion that occurred in late 
February to early March, 2004. Higher o180wATER values occurred during the winter months, 
and lower o180wATER values occurred in the summer. o13Crnc ranged from -13.8 to -8.96%0 
(Figure 6). 
BC ranged in water temperature from 0-24°C (Figure 7) with a mean 2003 to 2004 
summer temperature of 20.3 ± 4.03°C (n= 10) and winter temperature of 20. 78 ± 4.31°C 
(n=5). o180wATER values fluctuated seasonally from -9.16 to -3.14%0 (Figures 4 and 7). As 
in BR, the most negative value is an excursion that occurred during the same time interval. 
o 13Crnc ranged from -10.59 to -8.81 %0 and are more or less similar to values measured in BR 
(Figures 9 and 10). 
3.2 Unionid Shells 
Measured o180suELL and o13CsuELL 
Temporal variation in oxygen isotope composition within a shell followed a 
scalloped-shaped pattern with truncated peaks (Figures 12, 14, 16, 18, 20, 22, and 24). 
Oxygen isotope composition from shells in BR (specimens BR-22, BR-73, and BR-67) 
ranged from -8.50 to -4.95%0 (Figures 3 and 8), and those from BC (BC-62, BC-A, BC-B, 
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and BC-D) ranged from -8.29 and-5.18%0 (Figures 4 and 10). Spatial and temporal variation 
8180 sttELL is reported relative to distance from the margin of shell and time, respectively 
(Figures 12, 14, 16, 18, 20, 22, and 24). 813CsttELL ranged from -12.9 to -7.72%0 in BR and 
-13.7 to -9.68%0 in BC (Figures 6 and 9). 
3.3 Predicted Isotopic Compositions 
Predicted 8180 values (Figures 3 and 4) show a seasonal trend similar to a sinusoidal 
curve, representing the full range of possible values given the local environmental 
conditions throughout the water monitoring period. In general, lower values corresponded 
to warmer months and higher values occurred in colder months with the exception of the 
negative excursion in February and March, 2004. Predicted 8180 values from BR ranged 
from -11.32 to -2.49%0 (average summer and winter values are -6.81%0 and -4.38%0) while 
the predicted shell values from BC ranged from -9.16 to -3.14%0 (average summer and 
winter values are -7.46%0 and -4.92%0). A snowmelt pulse in late February was captured in 
the predicted shells from BR and BC as a negative excursion from the expected sinusoidal 
trend (Figures 3, 4, 5, and 7). This illustrates the influence of 8180wATER on the predicted 
shell. 
Unlike predicted values of 8180 in BR, predicted 813C values does not follow a 
seasonal sinusoidal pattern. In contrast, predicted values in BC do follow a seasonal 
sinusoidal pattern. Both profiles of predicted carbon isotope composition exhibit a peak 
associated with the snowmelt pulse in February and March, 2004. Predicted values from BR 
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ranged from -17. 7 to -6.62%0, and those from BC ranged from -12.9 to -11.1 %0 (Figures 9 
and 10). 
3.4 von Bertalanffy Growth Equations 
The von Bertalanffy growth equations were employed to determine the elapsed time 
during the mark and recapture study and the theoretical maximum age at L1 (Table 3). The 
calculated linear regression estimated from the Ford-Walford relation was y = 0.87(x) + 2.09 
(n=lO R2 = 0.79). The intercept, a=2.09, and the slope, P=0.87, were employed to estimate 
the Lcx:i, theoretical maximum length, 16.1. The estimated t, time elapsed, from von 
Bertalanffy growth equations ranged from 12 to 22 months with a mean of 17 months. The 
theoretical maximum age at Lcx:i was 19.8 years. 
4. Discussion 
4.1 Predicted versus Measured o180snELL 
Measured o180sttELL corresponds to predicted values from early spring to early fall 
(Figure 3 and 4). Least negative predicted values corresponding to the coldest months of the 
year are not represented by measured shell values. This gap reflects winter growth cessation, 
which we discuss in detail below. We conclude that shell carbonate of L. cardium 
precipitates in oxygen isotope equilibrium with the ambient water. Although there are slight 
deviations in the measured o180sttELL from the predicted values, we attribute these small 
offsets to differential time averaging between sampling methods of shells and water. The 
microsampled carbonate powder integrates an amount of time (e.g., approximately two 
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weeks), whereas the water data used to construct the predicted shell was collected at an 
instant in time. Equilibrium precipitation of 8180 in shell carbonate is consistent with the 
findings of Dettman et al. ( 1999) who examined two different species of unionids collected 
from Michigan rivers. 
4.2 Timing of Growth Band Formation 
To decipher seasonal changes in growth from variation in isotopic composition, 
Dettman and Lohmann (1993) show schematically the difference in the expected profile of 
8180 assuming (1) growth throughout the year (sinusoidal curve); and (2) seasonal growth 
above temperatures of 12°C (scalloped curve with peaks corresponding to winter growth 
cessation). This scheme provides us with an expected pattern of growth. The seven shells 
sampled in our study exhibit a scalloped-shaped pattern (Figures 11 to 24). Therefore, L. 
cardium does not grow throughout the entire year and exhibits winter growth cessation. 
Temperature has been cited as a stimulus for winter cessation. Chamberlain (1931) 
and Dettman et al. (1999) report that growth cessation occurred in unionids when 
temperature drops below 12°C. Moreover, Howard (1921) and Negus (1966) found that the 
temperature range of growth cessation is species-specific. Others have found that growth is 
affected by temperature in marine and estuarine bivalves (Goodwin et al. , 2001; Surge et al., 
2001 ; Elliot et al., 2003). Our study observed that winter growth cessation and spring 
growth onset corresponds to rapid changes in temperature (Table 2). Temperatures in BR 
from September 21, 2002 to October 5, 2002 decreased rapidly from 14.2 to 7.2°C. The last 
8180 value recorded in shells from both BR and BC occmred in late September, 2002 and 
early October 2003, respectively. Additionally, temperature in BR for the first measurable 
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growth in spring 2003 changed rapidly from 9.19 to 15.7°C. These findings are not limited 
to BR, but are also observed in BC (Table 2). 
Another hypothesis of this study was that growth band formation of individuals from 
temperate regions occurs during winter months when temperature falls below optimal 
growth conditions. Periods of winter growth cessation consistently correlates to locations of 
prominent and complete growth bands demonstrating seasonal formation (Figures 11 to 24). 
Negus (1966) identified disturbance growth bands as incomplete and thin, while a seasonal 
growth band is complete and thick. Of the individuals sampled in our study, multiple shells 
(BR-22, BR-67, and BC-62) revealed incompletely formed disturbance growth bands 
(Figures 12, 20, and 22). These non-seasonal bands have been documented by Downing et 
al. (1992). Factors attributed to the formation of disturbance bands are non-seasonal 
temperature change (such as release ofreservoir water), predation, and evaporation (Krantz 
et al. , 1987). Our study discriminated disturbance bands from seasonal growth bands by 
comparing the amplitude of 8180 sHELL values and the completeness of the growth band. 
Dettman et al. (1999) reported variations in seasonal amplitude (one peak to one 
valley) of - 2.5%0 in temperate regions. The current study compared the seasonal amplitude 
variations to those reported by Dettman et al. (1999). We predicted that a seasonal growth 
band would show an amplitude variation of - 2.5%0. Two amplitudes were observed: - 1 %0 
and - 2.5%0. The growth bands associated with shifts in amplitude of - 2.5%0 were thick and 
complete; therefore, they were identified as seasonal growth bands. As a corollary, these 
growth bands corresponded to the three major peaks in the profiled of oxygen isotope 
composition, supporting seasonal growth band formation with one exception (specimen 
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BR-67). Of the four growth bands that were recorded, one band had the required shift of 
2.5%o but the band was thin and incomplete; therefore, using amplitudes alone is insufficient 
to identify disturbance growth bands. In most cases, disturbance growth bands displayed 
close to a 1 %0 seasonal shift. This method of distinguishing seasonal growth bands from 
disturbance growth bands allows for a more accurate estimation of age than visually 
counting growth bands. 
4.3 Predicted versus Measured 813CsHELL 
Measured 813CsHELL from BR is offset from predicted values by+ 1 to +4%0 (Figure 
6). In BC, three of the four measured shells track predicted values during spring and 
summer, but are offset by -1 to -2%o during the winter. Dettman et al. (1999) reported 
similar findings in unionids from Michigan, except that their measured shell values were 
more negative than predicted. Our data suggest that metabolic isotope effects (vital effects) 
control 813C in some of the shells all of the time and in all of the shells some of the time. 
A metabolic isotope effect refers to reactions within a biological system, which 
results in measurable fractionation from predicted equilibrium. Such isotope effects can be 
caused by metabolic controls on or incorporation of various sources of carbon, such as from 
food or respiration, into shell carbonate. Unionids are filter feeders that ingest fine 
particulate organic matter (e.g., detritus). Therefore, likely sources of carbon that affect the 
813CsHELL in L. cardium are ingested particulate organic matter and the DIC of the water. 
Com, a C-4 plant, is the dominant vegetation surrounding the BR watershed. Decomposed 
com contributes a distinct carbon isotope composition to the particulate organic matter in 
river water with an expected average 813C of -12%0 (Schlesinger, 1997). BC is situated in an 
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urban environment, and soybeans, a C-3 plant, are grown in the watershed. Average 813C of 
C-3 plants is -27%0 (Schlesinger, 1997). Therefore, shells from these two distinct 
landscapes will potentially record differences in 813C values because of ingestion of detritus 
derived from the local vegetation type. 
Some of the factors that influence 813Crnc include photosynthesis, decomposition of 
organic matter, dissolution and precipitation of sedimentary carbonate, pH, and exchange 
with atmospheric C02 (Kendall, 1991). The underlying geology in the study area is 
Paleozoic limestone, and this rock type can act as a buffer in the carbonate system of the 
river water. Buffering by limestone can dampen the influence of the 813C of the local 
vegetation type on 813Crnc. The similarity of 813Crnc values between BR and BC suggests 
that these river systems are buffered by the underlying geology. Despite that 813Crnc is 
buffered, 813CsHELL reflects the vegetation structure. Measured 813CsHELL values from BC 
are more negative by 1 to 2%o than those from BR. This result suggests that the local 
vegetation within the watershed contributes particulate organic matter to the diet of L. 
cardium and that food carbon heavily influences the 813C of shell carbonate. We conclude 
that although 813CsHELL may not accurately reflect seasonal changes in carbon sources 
affecting 813Cmc, it may provide a means to reconstruct landscape-scale changes in 
vegetation type within a watershed. This in turn will contribute to our understanding of the 
impact of agricultural intensity through time by analyzing isotopically historical collections 
of unionid shells. 
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4.4 von Bertalanffy growth equations 
In addition to the geochemical method used to identify seasonal growth we 
compared the theoretical time elapsed obtained from the von Bertalanffy growth equations 
to the known time elapsed from mark to recapture (Table 3). Others have employed these 
growth equations to estimate age (McCuaig and Green, 1982; Anthony et al., 2002). von 
Bertalanffy growth equations validated the time that accrued during the marked period. The 
duration of the study period for BR was twenty-two months while the estimated theoretical 
mean was 17 months. Isotopic analysis in conjunction with von Bertalanffy growth 
equations can provide a method to estimate age and growth rates more accurately. The 
combination of these two methods, serve as an internal control with each other. The 
theoretical maximum age estimated using the von Bertalanffy growth equations is 19.85 
years old at L xi, the maximum length, which provides a reference of age. 
Therefore, geochemical analyses can be used to discriminate disturbance bands from 
seasonal bands and to obtain more accurate estimations of age. The close correspondence 
between the theoretical time elapsed and sclerochronologic 8180sHELL profiles corroborates 
seasonal banding and demonstrates the utility of this method to age unionids. This study 
found that shells record truncated intervals of environmental and ontogenetic archives, 
which allows the identification of periods of growth and shut-down, the discrimination 
between seasonal and disturbance growth bands, and the identification of growth and 
cessation stimuli. 
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5. Conclusions 
L. cardium from BR and BC can be used as ontogenetic and environmental archives 
because they are in oxygen isotope equilibrium with ambient water conditions. This study 
found that growth bands occur in winter months. Rapid change in temperature is implicated 
as the trigger for winter growth cessation and spring growth onset. Seasonal and disturbance 
growth bands were identified by combing geochemistry and sclerochronology. We 
conclude that oxygen isotope composition can be used to better understand seasonal growth. 
The implications of this is that we can better assess age and growth rates. Unlike the oxygen 
isotope composition of shell from BR, 813CsttELL did not follow predicted values and were 
offset by+ 1 to +4%0. In contrast three of the four shells from BC tracked predicted values 
during spring and summer, but not were offset during the coldest months in the year. This 
finding suggests that vital effects control 813C in some of the shells all of the time and in all 
of the shells some of the time. There was no clear relationship between 813CsttELL and 
813Crnc. It was observed that all shells from BC were more negative than BR. This result is 
consistent with expected differences between watersheds having C-4 (BR) versus C-3 
vegetation (BC). We conclude that 813CsttELL may not be useful to reconstruct seasonal 
change in sources of DIC, but it can be employed to reconstruct changes in the dominant 
vegetation within a watershed. Additionally, isotope analysis of historical specimens may 
better our understanding of the impact agriculture played on unionids 
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Figure 1. Study sites (BR and BC) located in Iowa, USA. The blue lines represent BR and 
BC and the red starred bullet represents the site locality. Des Moines is represented by the 
black bullet. 
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Figure 2. Picture of a marked Lampsilis cardium in BR, IA. The label located at the postero-
dorsal margin identifies the specific name and number, the black lines added to the image to 
enhance the seasonal growth bands. The white pits are the locations where the shell was 
microsampled. 
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Figure 3. Comparison of predicted 8180sHELL (filled black triangle) to measured 8180sHELL 
(BR-67 filled red circles, BR-22 light blue rectangle, and BR-73 dark blue diamond) of L. 
cardium from BR (BR). Submonthly averages are calculated from September 2002 to July 
2004. Both the predicted and measured 8180sHELL are relative to VPDB (%0). 
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Figure 4. Comparison of predicted 8 180sHELL (filled black triangle) to measured 8 180sHELL 
(BC-D filled red circles, BC-Blight blue rectangle, BC-62 dark blue diamond, and BC-A 
purple triangle) of L. cardium from BC (BC). Submonthly averages are calculated from June 
2003 to July 2004. Both the predicted and measured 8 180sHELL are relative to VPDB (%0). 
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from September 2002 to July 2004. Filled red circles represent temperature (°C) and filled 
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Figure 6. Comparison of predicted 813CsHELL (filled black triangle) to 813Co1c (open gray 
circles) to measured 813CsHELL (BR-67 filled red circles, BR-22 light blue rectangle, and BR-
73 dark blue diamond) of L. cardium from BR (BR). Submonthly averages are calculated 
from September 2002 to July 2004. Both the predicted, 8 13Crnc, and measured 813CsHELL are 
relative to VPDB (%0). 
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Figure 9. Comparison of predicted 813CsHELL (filled black triangle) to 813Crnc (open gray 
circles) to measured 8 13CsHELL (BC-D filled red circles, BC-B light blue rectangle, BC-62 
dark blue diamond, and BC-A purple triangle) of L. cardium from BC (BC). Submonthly 
averages are calculated from June 2003 to July 2004. Both the predicted, 8 13Crnc, and 
measured 8 13CsHELL are relative to VPDB (%0). 
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Figure 11. Picture of BC-62 with growth bands numbered and enhanced 
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Figure 12. Profiles of 8 180 and 813C values of live-collected specimen BC-62 from the initial 
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triangles are 813C. Left y-axis refers to 8180 and right y-axis corresponds to 813C. Arrows 
indicate the location of growth bands. 
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Figure 13. Picture of BC-A with growth bands numbered and enhanced 
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Figure 14. Profiles of 8180 and 813C values of live-collected specimen BC-A from the initial 
sampling location to the growth margin from the BC. Filled circles are 8180 and filled 
triangles are 813C. Left y-axis refers to 8180 and right y-axis corresponds to 813C. Arrows 
indicate the location of growth bands. 
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Figure 15. Picture of BC-B with growth bands numbered and enhanced 
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Figure 16. Profiles of 8180 and 813C values of live-collected specimen BC-B from the initial 
sampling location to the growth margin from the BC. Filled circles are 8180 and fi lled 
triangles are 813C. Left y-axis refers to 8180 and right y-axis corresponds to 813C. Arrows 
indicate the location of growth bands. 
64 
Figure 17. Picture ofBC-D with growth bands numbered and enhanced 
-5.5 
1 
-6 
-6.5 
-0 ~ 0 
- -7 
-7.5 
-8 
-8.5 
-e-oxygen 
-• - Carbon 
-9 
0 2 
65 
BC-D 
3 
I 
• .. 
~1 
• Growth Band Location 
4 6 8 
Distance (cm) 
-7 
-8 
-9 
-10 O'l 
-w 
C') 
-11 -~ 0 
0 
-
-12 
-13 
-14 
10 
Figure 18. Profiles of 8180 and 813C values oflive-collected specimen BC-D from the initial 
sampling location to the growth margin from the BC. Filled circles are 8 180 and filled 
triangles are 813C. Left y-axis refers to 8180 and right y-axis corresponds to 813C. Arrows 
indicate the location of growth bands. 
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Figure 19. Picture of LC-22 with growth bands numbered and enhanced 
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Figure 20. Profiles of 8 180 and 8 13C values of live-collected specimen BR-22 from the initial 
sampling location to the growth margin from BR. Filled circles are 8180 and filled triangles 
are 8 13C. Left y-axis refers to 8 180 and right y-axis corresponds to 813C. Arrows indicate the 
location of growth bands. 
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Figure 21. Picture of LC-67 with growth bands numbered and enhanced 
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Figure 22. Profiles of 8 180 and 813C values of live-collected specimen BR-67 from the initial 
sampling location to the growth margin from BR. Filled circles are 8180 and fi lled triangles 
are 813C. Left y-axis refers to 8180 and right y-axis corresponds to 813C. Arrows indicate the 
location of growth bands. 
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Figure 23. Picture of LC-73 with growth bands numbered and enhanced. 
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Figure 24. Profiles of 0180 and o13C values oflive-collected specimen BR-73 from the initial 
sampling location to the growth margin from BR. Filled circles are 0180 and filled triangles 
are o13C. Left y-axis refers to 0180 and right y-axis corresponds to o13C. Arrows indicate the 
location of growth bands. 
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Table 1. Length of shell microsamples (cm) and number of 
microsamples per shell 
Shell Number of 
length samples 
Specimen sampled drilled per 
ID Locality (cm) shell 
BCA BC 7.4 55 
BC 62 BC 10.8 55 
BCD BC 9.4 55 
BCB BC 8.9 62 
BR22 BR 12.1 48 
BR 73 BR 10.8 62 
BR67 BR 9.5 43 
Note BC=BC; BR=BR 
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Table 2. Water properties measured biweekly at Boone River (BR) and Buffalo Creek (BC) 
and mean isotope composition of shell carbonate 
Temperature 
Date {oC) ~H Mean 8180suELL {%0) Mean d13CsuELL{%o) 
Boone River 
9/112002 23.54 8.12 -6.38 
9/8/2002 25 .90 8.38 -6.22 
9/21 /2002 14.85 7.94 
10/5/2002 14.20 6.74 
10/22/2002 7.16 7.12 
1112/2002 8.67 7.49 
11119/2002 1.95 8.32 
12/12/2002 0.08 7.19 
1/7/2003 0.08 7.74 
2/2/2003 0.00 -8.55 
2/18/2003 0.07 7.30 -9.06 
3/4/2003 0.10 6.16 -11.00 
312512003 7.00 7.33 -4.90 -12.20 
4/10/2003 6.11 7.85 -6.40 -10.30 
4/22/2003 12.86 6.90 -8.70 
51512003 9.19 6.65 -8.94 
5/19/2003 15.69 7.46 -7.27 -8.02 
6/2/2003 16.69 6.98 -7.34 -8.76 
6/18/2003 20.79 8.06 -7.67 -9.32 
7/1/2003 21.45 8.20 -7.47 -9.74 
7115/2003 23.50 8.34 -7.34 -9.97 
7/28/2003 27.56 8.41 -7.45 -9.73 
8/1112002 27.67 8.46 -9.72 
91712003 25.58 8.53 -10.16 
9/30/2003 9.30 7.74 -10.17 
10/19/2003 11.67 7.39 -10.14 
1112/2003 5.63 7.21 -9.93 
11116/2003 5.45 7.95 -10.28 
11125/2003 0.30 7.20 
2/28/2004 0.21 8.18 
3/7/2004 3.26 8.08 -6.90 -10.50 
4/1 /2004 27.25 -6.47 -10.73 
4/19/2004 14.05 -6.36 -10.70 
5/13/2004 8.25 7.80 -6.00 -10.13 
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Buffalo Creek 
5/27/2003 15.02 
6/17/2003 24.58 -7.66 -12.31 
6/18/2003 24.58 8.20 -7.53 -11.87 
6/23/2003 21.59 7.66 -7.54 -11.56 
6/30/2003 22.17 7.27 -7.32 -11.80 
7/28/2003 22.85 8.17 -7.33 -12.08 
8/11 /2003 21.61 7.92 -7.19 -11.90 
10/19/2003 14.89 7.61 -7.10 -11.85 
11/16/2003 7.86 8.14 -6.71 -11.00 
11 /25/2003 2.16 8.40 -6.47 -10.85 
1/24/2004 0.11 8.02 -11.58 
2/14/2004 0.16 8.00 -11.88 
2/26/2004 0.09 7.82 -12.50 
3/7/2004 3.66 7.32 -12.93 
411 /2004 9.97 8.10 -7.21 -13.00 
4/13/2004 14.01 7.84 -7.48 -12.90 
5115/2004 16.74 6.92 -7 .37 
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Table 3. Estimated time elapsed during the mark and recapture period and estimated 
maximum age of L. cardium from BR 
Lo L1 t=elapsed 
(cml {cm} time tmax 
LC22 11.8 12.07 1.85 19.85 
LC3 10.8 11.43 1.81 19.85 
LC6 11.2 11.43 1.81 19.85 
LC 15 10.2 10.4 1.73 19.85 
LC28 10.1 12.07 1.85 19.85 
LC41 12.7 12.37 1.88 19.85 
LC72 11 11.28 1.8 19.85 
LC67 7.9 11.28 1.8 19.85 
LC73 9.5 10.8 1.76 19.85 
LC89 4.1 4.2 1.06 19.85 
K= 0.14, a.=2.0-,B=.87, Linfinity=16.1 
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CHAPTER 3: GENERAL CONCLUSIONS 
L. cardium from BR and BC can be used as ontogenetic and environmental archives 
because they are in oxygen isotope equilibrium with ambient water conditions. This study 
found that growth bands occur in winter months. Rapid change in temperature is implicated 
as the trigger for winter growth cessation and spring growth onset. Seasonal and disturbance 
growth bands were identified by combing geochemistry and sclerochronology. We 
conclude that oxygen isotope composition can be used to better understand seasonal growth. 
The implications of this is that we can better assess age and growth rates. Unlike the oxygen 
isotope composition of shell from BR, 813CsHELL did not follow predicted values and were 
offset by+ 1 to +4%0. In contrast three of the four shells from BC tracked predicted values 
during spring and summer, but not were offset during the coldest months in the year. This 
finding suggests that vital effects control 813C in some of the shells all of the time and in all 
of the shells some of the time. There was no clear relationship between 813CsHELL and 
813Cmc. It was observed that all shells from BC were more negative than BR. This result is 
consistent with expected differences between watersheds having C-4 (BR) versus C-3 
vegetation (BC). We conclude that 813CsHELL may not be useful to reconstruct seasonal 
change in sources of DIC, but it can be employed to reconstruct changes in the dominant 
vegetation within a watershed. Additionally, isotope analysis of historical specimens may 
better our understanding of the impact agriculture played on unionids 
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APPENDIX A: UNIONID STABLE ISOTOPE DATA 
Shell BC -D 
Sample Distance 
Number (cm) o13C 0180 Mass 44V 
1 0.17 -10.484 -7.601 2.704 
2 0.34 -10.432 -7.435 0.856 
3 0.51 -9.931 -7.091 0.82 
4 0.68 -10.222 -6.736 1.909 
5 0.85 -10.85 -6.444 1.898 
6 1.02 -10.29 -6.211 0.966 
7 1.19 -10.611 -6.456 1.565 
8 1.36 -10.038 -6.739 2.873 
9 1.53 -10.229 -6.984 2.129 
10 1.7 -10.188 -7.096 2.358 
11 1.87 -10.56 -7.305 1.925 
12 2.04 -11.251 -7.819 2.442 
13 2.21 -11.825 -7.962 2.542 
14 2.38 -11.84 -8.223 3.091 
15 2.55 -11.745 -8.276 2.934 
16 2.72 -11.869 -8.193 2.552 
17 2.89 -11.78 -8.228 2.261 
18 3.06 -11.442 -8.111 3.203 
19 3.23 -11.464 -8.044 1.82 
20 3.4 -11.322 -8.079 2.615 
21 3.57 -11.308 -7.97 1.875 
22 3.74 -11.262 -8.022 3.366 
23 3.91 -11.245 -7.924 3.01 
24 4.08 -11.418 -7.971 2.686 
25 4.25 -11.442 -7.726 1.355 
26 4.42 -11.611 -7.475 2.756 
27 4.59 -11.835 -7.641 1.512 
28 4.76 -12.036 -7.731 1.561 
29 4.93 -11.868 -7.872 2.023 
30 5.1 -11.233 -7.49 2.819 
31 5.27 -11.35 -7.414 2.058 
32 5.44 -10.953 -5.989 2.162 
33 5.61 -11.681 -7.388 1.798 
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34 5.78 -11.999 -7.428 1.41 
35 5.95 -11.78 -7.363 3.014 
36 6.12 -12.008 -7.446 1.434 
37 6.29 -11.034 -5.918 1.559 
38 6.46 -11.488 -6.531 2.326 
39 6.63 -11.62 -6.309 2.913 
40 6.8 -11.664 -6.306 2.084 
41 6.97 -11.183 -5.184 1.421 
42 7.14 -11.453 -7.131 2.226 
43 7.31 -11.059 -7.152 3.193 
44 7.48 -10.967 -7.106 2.533 
45 7.65 -10.809 -7.226 2.54 
46 7.82 -10.777 -7.268 2.275 
47 7.99 -11.67 -7.508 2.841 
48 8.16 -12.208 -7.568 1.638 
49 8.33 -12.667 -7.921 2.153 
50 8.5 -13.116 -8.036 2.068 
51 8.67 -13.099 -7.851 1.441 
52 8.84 -13.306 -7.724 1.731 
53 9.01 -13.435 -7.74 2.06 
54 9.18 -12.714 -7.018 1.009 
55 9.35 -12.512 -6.772 0.78 
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Shell BC-
62 
Sample Distance 
Number (cm) o13C ()180 Mass 44V 
1 0.2 -10.996 -7.916 2.494 
2 0.4 -10.516 -8.09 2.199 
3 0.6 -10.499 -7.79 1.819 
4 0.8 -10.766 -7.794 1.535 
5 1 -10.404 -7.541 1.823 
6 1.2 -10.449 -7.701 1.564 
7 1.4 -10.474 -7.413 2.24 
8 1.6 -9.832 -6.569 2.151 
9 1.8 -9.402 -6.576 1.915 
10 2 -9.242 -7.052 1.699 
11 2.2 -10.003 -7.68 2.446 
12 2.4 -10.167 -7.809 2.179 
13 2.6 -10.439 -7.754 1.817 
14 2.8 -10.701 -8.013 1.475 
15 3 -11.043 -7.891 1.984 
16 3.2 -10.582 -7.796 2.268 
17 3.4 -10.825 -7.731 1.972 
18 3.6 -10.952 -7.788 1.72 
19 3.8 -10.983 -7.916 2.458 
20 4 -11.059 -7.949 2.097 
21 4.2 -10.927 -7.775 1.627 
22 4.4 -10.965 -7.889 1.618 
23 4.6 -11.343 -7.853 1.033 
24 4.8 -11.558 -7.679 2.402 
25 5 -11.444 -7.769 2.085 
26 5.2 -11.177 -7.012 2.226 
27 5.4 -10.811 -6.475 0.948 
28 5.6 -10.206 -6.617 1.107 
29 5.8 -9.818 -7.27 2.087 
30 6 -10.062 -7.407 2.235 
31 6.2 -11.533 -7.709 1.902 
32 6.4 -13.426 -7.753 1.652 
33 6.6 -13 .578 -8.013 2.48 
34 6.8 -14.045 -7.306 2.127 
35 7 -13.371 -7.24 1.804 
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36 7.2 -13.437 -6.922 1.554 
37 7.4 -13.318 -6.863 1.846 
38 7.6 -10.781 -7.526 2.699 
39 7.8 -11.619 -7.817 2.219 
40 8 -13.301 -8.017 1.89 
41 8.2 -13.732 -7.824 2.259 
42 8.4 -13 .88 -7.87 1.507 
43 8.6 -13.446 -7.682 1.508 
44 8.8 -13 .737 -7.87 2.821 
45 9 -13 .537 -7.743 2.26 
46 9.2 -11.719 -7.227 2.052 
47 9.4 -11.735 -7.164 2.381 
48 9.6 -13.007 -7.587 3.143 
49 9.8 -12.421 -7.165 1.749 
50 10 -11.485 -6.207 2.302 
51 10.2 -10.069 -6.58 2.654 
52 10.4 -12.707 -7.752 3.263 
53 10.6 -12.705 -7.453 1.554 
54 10.8 -12.778 -7.299 1.712 
55 11 -12.808 -6.783 0.661 
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Shell BR-
22 
Sample Distance 
Number (cm) o13C 0180 Mass 44V 
1 0.25 -10.691 -6.53 2.051 
2 0.5 -11.208 -6.314 2.286 
3 0.75 -11.456 -5.991 1.947 
4 1 -10.536 -6.719 1.713 
5 1.25 -8.989 -7.198 2.472 
6 1.5 -9.445 -7.575 3.452 
7 1.75 -9.652 -7.527 1.994 
8 2 -12.712 -8.241 1.686 
9 2.25 -13.749 -8.553 2.408 
10 2.5 -13.693 -8.469 2.467 
11 2.75 -13.405 -8.26 3.16 
12 3 -13.528 -8.118 2.966 
13 3.25 -13.08 -8.021 2.639 
14 3.5 -13.101 -7.882 2.284 
15 3.75 -12.892 -7.688 3.476 
16 4 -12.926 -7.488 3.141 
17 4.25 -12.979 -7.425 2.989 
18 4.5 -13.093 -6.981 2.293 
19 4.75 -10.772 -7.444 3.296 
20 5 -10.826 -8.235 2.951 
21 5.25 -12.332 -8.153 2.542 
22 5.5 -11.496 -8.361 3.433 
23 5.75 -12.423 -7.897 2.794 
24 6 -13.11 -7.522 2.367 
25 6.25 -12.92 -6.744 2.431 
26 6.5 -12.223 -6.056 3.652 
27 6.75 0.101 
28 7 -9.98 -7.304 3.244 
29 7.25 -11.48 -7.716 2.794 
30 7.5 -12.336 -7.368 2.902 
31 7.75 -12.265 -7.022 2.357 
32 8 -10.942 -8.188 2.194 
33 8.25 -11.675 -8.496 2.237 
34 8.5 -1 2.015 -8.492 2.932 
35 8.75 
36 9 
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37 9.25 -11.501 -8.06 2.34 
38 9.5 -11.183 -7.428 2.448 
39 9.75 -9.953 -7.274 3.203 
40 10 -10.58 -7.826 3.591 
41 10.25 
42 10.5 -11.853 -8.174 2.75 
43 10.75 -1 1.82 -8.055 2.569 
44 11 -10.648 -7.37 3.245 
45 11 .25 -9.252 -6.954 2.594 
46 11.5 -9.956 -7.469 3.086 
47 11.75 -10.459 -6.745 2.669 
48 12 -10.633 -6.405 1.79 
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Shell 
BC-B 
Sample Distance 
Number (cm) <>nC ()180 Mass 44V 
1 0.14 -13.499 -7.133 3.35 
2 0.28 -13.258 -6.632 1.382 
3 0.42 -13.407 -6.121 1.742 
4 0.56 -11.815 -7.491 2.672 
5 0.7 -11.156 -7.551 3.323 
6 0.84 -11.304 -7.316 1.39 
7 0.98 -10.761 -7.747 2.835 
8 1.12 -10.914 -7.905 2.495 
9 1.26 -11.015 -8.094 2.235 
10 1.4 -11.083 -8.132 3.276 
11 1.54 -11.126 -8.193 2.869 
12 1.68 -11.442 -8.19 2.551 
13 1.82 -11.495 -8.304 2.431 
14 1.96 -11.539 -8.15 3.019 
15 2.1 -11.168 -7.847 1.246 
16 2.24 -12.127 -8.433 2.225 
17 2.38 -11.929 -8.241 2.468 
18 2.52 -12.036 -8.175 3.353 
19 2.66 -11.854 -8.339 2.993 
20 2.8 -11.681 -8.126 2.665 
21 2.94 -11.735 -7.998 1.364 
22 3.08 -11.839 -8.039 2.852 
23 3.22 -11.834 -8.116 2.957 
24 3.36 -11.646 -8.065 2.768 
25 3.5 -12.022 -8.253 2.398 
26 3.64 -12.238 -8.371 2.524 
27 3.78 -12.216 -8.11 2.137 
28 3.92 -12.464 -8.003 2.512 
29 4.06 -12.566 -8.065 2.989 
30 4.2 -12.264 -7.78 2.646 
31 4.34 -12.413 -7.881 2.273 
32 4.48 -12.479 -7.857 3.054 
33 4.62 -12.328 -7.869 2.793 
34 4.76 -11.898 -7.373 2.111 
35 4.9 -11.356 -6.72 3.097 
36 5.04 -13 .324 -8.004 2.376 
84 
37 5.18 -14.409 -8.558 2.062 
38 5.32 -13.445 -8.131 2.803 
39 5.46 -13.176 -8.108 2.507 
40 5.6 -12.987 -8.104 2.372 
41 5.74 -12.993 -8.016 2.956 
42 5.88 -13.806 -8.091 2.654 
43 6.02 -13.566 -7.993 2.313 
44 6.16 -13.808 -7.965 2.256 
45 6.3 -13.056 -7.628 2.926 
46 6.44 -13.217 -7.548 2.533 
47 6.58 -13.597 -7.649 2.23 
48 6.72 -13.349 -7.067 2.49 
49 6.86 -13.348 -7.362 2.129 
50 7 -12.797 -6.859 3.35 
51 7.14 -12.541 -6.376 2.974 
52 7.28 -12.916 -6.519 2.615 
53 7.42 -13.356 -6.76 2.264 
54 7.56 -12.192 -7.285 3.152 
55 7.7 -11.898 -7.531 2.775 
56 7.84 -11.86 -7.215 1.714 
57 7.98 -11.653 -7.481 2.179 
58 8.12 -12.066 -7.37 2.835 
59 8.26 -13.569 -7.949 2.312 
60 8.4 -13.202 -7.835 1.507 
61 8.54 -13.886 -8.012 1.627 
62 8.68 -13.897 -7.185 0.912 
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Shell 
BC-A 
Sample Distance 
Number (cm) o13C 0180 Mass 44V 
1 0.13 -10.625 -6.903 3.408 
2 0.26 -11.028 -7.066 3.138 
3 0.39 0.33 
4 0.52 -10.473 -7.454 2.2 
5 0.65 0.195 
6 0.78 -9.632 -7.519 3.152 
7 0.91 -9.8 -7.636 2.737 
8 1.04 -9.752 -7.635 3.023 
9 1.17 2.618 
10 1.3 
11 1.43 -10.922 -8.375 3.513 
12 1.56 -11.548 -8.547 2.926 
13 1.69 -11.331 -8.381 2.784 
14 1.82 -11.176 -8.453 2.961 
15 1.95 -11.002 -8.291 3.447 
16 2.08 -10.803 -8.217 3.048 
17 2.21 -10.677 -8.182 2.621 
18 2.34 -10.564 -7.969 3.648 
19 2.47 -10.568 -7.707 3.267 
20 2.6 -10.654 -8.115 2.872 
21 2.73 -10.654 -8.192 2.51 
22 2.86 -10.805 -8.23 2.313 
23 2.99 -10.877 -8.157 3.359 
24 3.12 -10.864 -7.952 2.963 
25 3.25 -10.659 -7.865 2.558 
26 3.38 -10.794 -7.78 3.673 
27 3.51 -10.573 -7.699 3.274 
28 3.64 -10.371 -7.615 2.562 
29 3.77 -10.261 -7.401 2.621 
30 3.9 -10.251 -7.63 3.115 
31 4.03 -10.159 -7.32 2.816 
32 4.16 -9.941 -7.067 3.001 
33 4.29 -10.316 -7.189 1.52 
34 4.42 -10.9 -7.594 3.578 
35 4.55 -11.262 -8.293 3.173 
36 4.68 -11.252 -8.079 2.752 
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37 4.81 
38 4.94 -11.125 -7.88 2.299 
39 5.07 -11.032 -8.036 3.299 
40 5.2 -10.653 -7.806 2.795 
41 5.33 -10.57 -7.879 2.445 
42 5.46 -10.33 -7.642 3.531 
43 5.59 -9.928 -7.742 3.13 
44 5.72 -9.683 -7.444 3.571 
45 5.85 -9.725 -7.362 3.182 
46 5.98 -11.098 -7.221 2.432 
47 6.11 -11.089 -7.113 2.578 
48 6.24 -11.148 -7.383 2.964 
49 6.37 -11.05 -7.272 3.076 
50 6.5 -10.576 -6.644 2.676 
51 6.63 -10.032 -7.006 2.777 
52 6.76 -10.854 -7.736 1.98 
53 6.89 -12.39 -8.18 0.647 
54 7.02 -12.175 -8.044 0.901 
55 7.15 -12.409 -7.803 1.498 
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Shell-
BR-73 
Sample Distance 
Number (cm) ()uC ()180 Mass 44V 
1 0.17 -8.847 -6.214 2.165 
2 0.34 -7.942 -5 .187 2.86 
3 0.51 -9.503 -5 .68 1.797 
4 0.68 -8.07 -7.163 2.325 
5 0.85 -8.012 -7.672 1.97 
6 1.02 -7.916 -8.037 2.854 
7 1.19 -8.072 -8.097 2.514 
8 1.36 -8.405 -8.171 2.132 
9 1.53 -8.361 -8.057 1.767 
10 1.7 -8.384 -8.383 2.779 
11 1.87 -8.333 -8.486 2.382 
12 2.04 -8.195 -8.352 2.172 
13 2.21 -8.17 -8.312 1.786 
14 2.38 -8.073 -8.217 2.093 
15 2.55 -8.181 -8.341 1.762 
16 2.72 -8.256 -8.35 2.833 
17 2.89 -8.511 -8.437 2.452 
18 3.06 -8.758 -8.272 2.056 
19 3.23 -8.534 -8.067 1.798 
20 3.4 -8.72 -7.96 2.835 
21 3.57 -9.287 -7.923 2.459 
22 3.74 -9.875 -7.984 2.045 
23 3.91 -10.422 -7.901 1.788 
24 4.08 -10.657 -7.928 2.761 
25 4.25 -9.783 -7.674 2.452 
26 4.42 -8.882 -7.439 2.044 
27 4.59 -8.587 -7.319 1.739 
28 4.76 -8.344 -7.348 2.746 
29 4.93 -8.454 -6.948 2.301 
30 5.1 -8.098 -6.892 2.136 
31 5.27 -7.893 -6.845 1.796 
32 5.44 -7.923 -6.722 2.351 
33 5.61 -8.283 -6.313 2.558 
34 5.78 -8.696 -5.969 2.249 
35 5.95 -9.299 -6.194 1.875 
36 6.12 -8 .7 -6.406 2.784 
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37 6.29 -8.942 -7.026 2.471 
38 6.46 -8.02 -7.232 2.182 
39 6.63 -8.149 -7.717 1.801 
40 6.8 -7.925 -7.688 2.776 
41 6.97 -8.35 -7.863 2.359 
42 7.14 -8.551 -7.877 2.671 
43 7.31 -8.463 -7.843 2.354 
44 7.48 -8.399 -7.832 2.058 
45 7.65 -8.647 -7.766 2.416 
46 7.82 -8.895 -7.571 2.466 
47 7.99 -8.812 -7.492 2.14 
48 8.16 -9.144 -7.521 1.712 
49 8.33 -9.529 -7.562 2.544 
50 8.5 -9.589 -6.886 2.147 
51 8.67 -9.507 -6.743 1.859 
52 8.84 -8.8 -6.32 2.08 
53 9.01 -8.68 -5.991 2.266 
54 9.18 -9.558 -5.872 1.95 
55 9.35 -9.638 -6.509 2.742 
56 9.52 -8.633 -6.811 2.349 
57 9.69 -8.496 -6.843 1.992 
58 9.86 -8.832 -6.96 1.68 
59 10.03 -9.841 -7.261 2.678 
60 10.2 -9.998 -7.333 2.251 
61 10.37 -9.821 -7.299 2.1 
62 10.54 -10.609 -6.235 1.749 
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Shell 
BR-67 
Sample Distance 
Number (cm) o13C 0180 Mass 44V 
1 0.22 -7.632 -6.207 0.524 
2 0.44 -7.73 -6.664 1.838 
3 0.66 -8.1 -6.223 2.452 
4 0.88 -8.47 -5.947 1.429 
5 1.1 -7.106 -6.528 1.886 
6 1.32 -7.011 -6.956 1.613 
7 1.54 -7.267 -7.499 2.451 
8 1.76 -7.55 -7.867 2.171 
9 1.98 -7.788 -8.087 1.918 
10 2.2 -8.049 -7.783 1.538 
11 2.42 -7.961 -8.174 2.254 
12 2.64 -7.812 -7.969 1.101 
13 2.86 -7.932 -8.024 1.345 
14 3.08 -7.883 -7.762 1.136 
15 3.3 -8.001 -7.721 2.469 
16 3.52 -8.136 -7.773 2.075 
17 3.74 -8.291 -7.599 1.549 
18 3.96 -8.636 -7.513 1.338 
19 4.18 -8.654 -7.576 1.831 
20 4.4 -9.004 -7.337 1.482 
21 4.62 -9.075 -7.032 1.22 
22 4.84 -8.986 -7.1 29 2.393 
23 5.06 -8.874 -6.813 2.052 
24 5.28 
25 5.5 -9.505 -7.148 0.268 
26 5.72 -8.092 -6.692 2.321 
27 5.94 -7.789 -6.201 1.998 
28 6.16 -9.056 -6.209 1.63 
29 6.38 -9.l 01 -7.029 2.383 
30 6.6 -8.143 -4.945 2.14 
31 6.82 -8.544 -6.377 1.027 
32 7.04 -8.573 -7.077 1.748 
33 7.26 -9.049 -7.054 2.349 
34 7.48 -9.841 -7.358 1.986 
35 7.7 0.097 
36 7.92 -10.056 -7.542 1.617 
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37 8.14 -10.385 -7.238 2.391 
38 8.36 
39 8.58 -10.682 -7.264 1.953 
40 8.8 -10.747 -6.895 1.624 
41 9.02 -10.666 -6.219 2.209 
42 9.24 -10.816 -5.968 1.911 
43 9.46 -11.026 -5.634 2.812 
44 9.68 -10.822 -5.966 1.36 
45 9.9 -10.29 -6.434 1.429 
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APPENDIX B: CALCULATED SHELL MODEL CONSTRUCTED 
FROM TEMPERATURE AND OXYGEN ISOTOPE RECORDS. 
BR Calculated Model Shell 
alpha 
Water Water (SHELL- CALC Cale 
Date Temp Temp 0180(WATER) WATER) 0180(SHELL) 0180(SHELL) 
(%o) ( %0) 
(oq (K} VSMOW Dettman 1999 VS MOW (%o} VPDB 
9/1 /2002 23 .54 296.69 -6 .8 1.03 23.23 -7.45 
9/8/2002 25 .9 299.05 -6.7 1.03 22 .87 -7.8 
9/21 /2002 14.85 288 -5.72 1.03 26 .17 -4 .6 
10/5/2002 14.2 287.35 -6.4 1.03 25 .61 -5 .15 
10/22/2002 7.16 280.3 1 -7 1.03 26.61 -4.17 
11/2/2002 8.67 281.82 -7.17 1.03 26.07 -4.7 
11 /19/2002 1.95 275 .1 -7.2 1.04 27.68 -3 .13 
12/12/2002 0.08 273.23 -7.66 1.04 27.68 -3 .14 
117/2003 0.08 273 .23 -7.35 1.04 28 -2 .82 
2/2/2003 0 273.15 -8.22 1.04 27.12 -3 .68 
2/18/2003 0.07 273 .22 -7 .85 1.04 27.48 -3 .32 
3/4/2003 0.1 273 .25 -8.78 1.04 26.51 -4 .27 
3/25/2003 7 280.15 -7 .29 1.03 26.34 -4.43 
4/10/2003 6.11 279.26 -7.51 1.03 26.33 -4.44 
4/22/2003 12.86 286.01 -7.49 1.03 24.78 -5 .94 
5/5/2003 9.19 282.34 -6.76 1.03 26.37 -4.4 
5/19/2003 15 .69 288.84 -7 .24 1.03 24.42 -6.3 
6/2/2003 16.69 289.84 -7 .08 1.03 24.36 -6 .35 
6/18/2003 20.79 293 .94 -7 .21 1.03 23 .37 -7 .31 
7/1 /2003 21.45 294.6 -6.69 1.03 23 .77 -6.93 
7/15/2003 23 .5 296.65 -6.46 1.03 23 .58 -7 . 11 
7/28/2003 27 .56 300.71 -6.57 1.03 22.67 -7.99 
8/ 11 /2002 27 .67 300.82 -6.51 1.03 22.72 -7 .95 
9/7/2003 25 .58 298.73 -6.81 1.03 22.81 -7.85 
9/30/2003 9.3 282.45 -5.91 1.03 27.23 -3.57 
10/19/2003 11.67 284.82 -6.16 1.03 26.42 -4.36 
11 /2/2003 5.63 278.78 -6.34 1.03 27 .66 -3.16 
11/16/2003 5.45 278.6 -6.67 1.03 27.36 -3.45 
11 /25/2003 0.3 273 .45 -6.96 1.04 28.34 -2.49 
2/28/2004 0.21 273 .36 -15 .77 1.04 19.24 -11.32 
3/7/2004 3.26 276.41 -11.61 1.03 22 .78 -7 .88 
5/ 13/2004 8.25 281.4 -7 .13 1.03 26.21 -4 .56 
4/19/2004 14.05 287.2 -6 .95 1.03 25.07 -5 .66 
7/15/2004 15 .89 289.04 -5 .28 1.03 26.4 -4 .38 
3/29/2004 27.25 300.4 -7 .29 1.03 22 -8.65 
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BC Calculated Shell Model 
alpha 
(SHELL- CALC Cale 
Date Temp Temp 0180(WATER) WATER) 0180(SHELL) 0180(SHELL) 
(%o) ( %o) (%o) 
{°q {K} VSMOW Dettman 1999 VS MOW VPDB 
5/27/2003 15.02 288.17 -7 .27 1.03 24.53 -6.18 
6/17/2003 24.58 297.73 -7 .29 1.03 22.52 -8 .14 
6/18/2003 24.58 297.73 -7 .29 1.03 22.51 -8.15 
6/23/2003 21.59 294.74 -7 .15 1.03 23 .26 -7.42 
6/30/2003 22.17 295.32 -7 .11 1.03 23 .19 -7.49 
7/28/2003 22.85 296 -7.06 1.03 23.09 -7 .58 
8/11 /2003 21 .61 294.76 -7.29 1.03 23 .12 -7 .56 
10/19/2003 14.89 288.04 -7.58 1.03 24.24 -6.47 
11/16/2003 7.86 281.01 -7.34 1.03 26.09 -4.67 
11/25/2003 2.16 275.31 -7.16 1.04 27.66 -3.15 
1/24/2004 0.11 273.26 -7.76 1.04 27.56 -3.25 
2/14/2004 0.16 273.31 -7 .65 1.04 27.67 -3 .14 
2/26/2004 0.09 273.24 -13.66 1.04 21.47 -9 .16 
3/7/2004 3.66 276.81 -9.35 1.03 25.02 -5.71 
3/28/2004 9.97 283.12 -7.54 1.03 25.39 -5 .36 
4113/2004 14.01 287.16 -7.24 1.03 24.79 -5.94 
5/ 15/2004 16.74 289.89 -6.72 1.03 24.72 -6 
7/15/2004 22.71 295.86 -7 .16 1.03 23.03 -7.64 
